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The two-frequency heating technique was studied to increase the beam intensities of highly charged
ions provided by the high-voltage extraction configuration (HEC) ion source at the National Institute
of Radiological Sciences (NIRS). The observed dependences on microwave power and frequency sug-
gested that this technique improved plasma stability but it required precise frequency tuning and more
microwave power than was available before 2013. Recently, a new, high-power (1200 W) wide band-
width (17.1–18.5 GHz) travelling-wave-tube amplifier (TWTA) was installed. After some single tests
with klystron and TWT amplifiers the simultaneous injection of the two microwaves has been success-
fully realized. The dependence of highly charged ions (HCI) currents on the superposed microwave
power was studied by changing only the output power of one of the two amplifiers, alternatively.
While operating the klystron on its fixed 18.0 GHz, the frequency of the TWTA was swept within
its full limits (17.1–18.5 GHz), and the effect of this frequency on the HCI-production rate was ex-
amined under several operation conditions. As an overall result, new beam records of highly charged
argon, krypton, and xenon beams were obtained at the NIRS-HEC ion source by this high-power
two-frequency operation mode. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829735]
I. INTRODUCTION
In the Heavy Ion Medical Accelerator in Chiba (HIMAC)
of the National Institute of Radiological Sciences (NIRS),1 ef-
forts to extend the range of ion species of the ECR ion sources
are continuously devoted. One way is feeding RF power into
an ECRIS at two frequencies. This technique was originally
initiated by ECR pioneers Jongen and Lyneis in Berkeley and
some years later more successfully by Xie and Lyneis.2 Since
then many ECR laboratories have tested this technique and
some of them use it in the everyday operation. The right
choice of even the main frequency is not easy for a given
ECRIS. Many reports pointed the importance of fine tuning of
the (first and/or second microwave) frequency, for example,
in Ref. 3. A detailed study on frequency tuning effects was
performed by the Italian Istituto Nazionale di Fisica Nucleare
(INFN, Italy), Gesellschaft für Schwerionenforschung (GSI,
Germany), Jyvaskylan Yliopisto Fysiikan Laitos (JYFL,
Finland) group.4–7 Here the emphasis in the explanation was
set to the RF properties of the plasma chamber. One of the
present authors found similar results for more simple system.8
The two-frequency heating technique has several advantages:
it is effective for any kinds of ion species, no major modifica-
tion of existing structure is necessary, and it is coexistent with
most other techniques. The drawback is the higher cost and
the unavoidable technical difficulties.
a)Contributed paper, published as part of the Proceedings of the 15th Interna-
tional Conference on Ion Sources, Chiba, Japan, September 2013.
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In early stages of our developments at NIRS, the en-
hancement of plasma region at different ECR zones was
observed by the shapes of visible radiations.9 The out-
put currents had strongly depended on the additional mi-
crowave frequency.10 Between 1998 and 2012 numerous two-
frequencies experiments were carried out in NIRS. While the
mechanism is still not clear, the positive effect of the sec-
ond microwave was proved in each experiment. In spite of
the limited maximum power and bandwidth of the additional
microwave source, both the ion choice and beam intensities
increased year by year.11
It became clear however, that in order to obtain more im-
provement, a larger microwave amplifier with enough wide
bandwidth is necessary. Since from our experiences a band-
width of a few percent is required, a klystron amplifier is
not suitable as an additional microwave amplifier. A travel-
ling wave tube amplifier is the optimal solution of two fre-
quency heating technique at present. In the situation of the
high-voltage extraction configuration (HEC) ion source of
NIRS (called NIRS-HEC) the existing 700 W system was not
enough for most cases. Therefore, recently a high-power sec-
ond microwave system was developed, installed, and tested.
The results of the first tests are presented.
II. EXPERIMENTAL SETUP
An 18 GHz room-temperature ECR ion source, named
NIRS-HEC, has been operating at the HIMAC accelerator of
NIRS since 1996. The detailed technical description of NIRS-
HEC is published in Ref. 12.
FIG. 1. Dependence of the Ar13+ beam intensity on microwave power.
It is equipped with a klystron amplifier system (KLY)
with a maximum power of 1500 W. In 2013 a travelling
wave tube (TWT) amplifier system with frequency range from
17.10 to 18.55 GHz and with maximum power of 1200 W was
added to NIRS-HEC, as second microwave source. Based on
our earlier observations the coupling efficiency of the TWT
power is near 1, while this value is only about 0.5 for KLY.
These coefficients are considered to express the strength of
coupling between the microwave and the plasma and are used
later in Figure 1 and also in the rest of the paper. The techni-
cal realization of the TWT system is very similar to the one
published in Ref. 11, except that now two 700 W TWT units
are combined into one. The resulted total power would be
1400 W if the transmission coefficient from the synthesizer
to the plasma chamber is 100%. In our practice the maxi-
mum output power measured in the waveguide close to the
plasma chamber is 1200 W only. The TWT waveguide inside
the ECRIS is water-cooled, similarly to the KLY waveguide,
to the biased disk and to the plasma chamber. We note that
NIRS-HEC cooling is very good, the outgassing is minimal
below 2.5 kW total microwave power.
III. DEPENDENCE ON MICROWAVE POWER
In an earlier paper,11 we summarized the effect of mi-
crowave power to the stability of the extracted beam current.
Our basic observation is that when the KLY power increases,
the plasma shows instability and it is difficult to keep. When
an additional microwave is added in the above situation, the
plasma instability is improved at larger microwave power ob-
tained by the mixture of two different frequency microwaves.
Figure 1 shows the dependence of the beam intensity
of Ar13+ on microwave power by operating NIRS-HEC at
the new two-frequencies mode by changing the output power
of one of the amplifiers, keeping the other power fixed. At
this measurement all operation parameters were optimized
by the mixed KLY and TWT: mirror magnetic fields, gas
flows of Ar (main gas) and O2 (mixing gas), extraction volt-
age, distance of puller, biased disk voltage, and the frequency
of TWT. Then the microwave powers from both amplifiers
were slightly varied again. The present measurement proce-
dure was not same as the previous ones. One curve shows the
case when the KLY power was fixed (1000 W) and the TWT
power was varied from zero to 1000 W. In case of the other
curve the TWT power was fixed (1000 W), while the KLY
power was varied from zero to 1000 W. Using the mentioned
coefficients the two curves draw are very similar.
FIG. 2. Dependence of the beam intensity on the TWT frequency.
IV. DEPENDENCE ON MICROWAVE FREQUENCY
Figure 2 shows the dependence of the beam intensity of
Ar13+ on microwave frequency in the same basic condition
as Figure 1. The dependence on the frequency of single mi-
crowave by TWT makes a peak around 17.7 GHz. The re-
sult suggests the source was well optimized at 17.7 GHz.
The dependence of the Ar13+ beam on the frequency of ad-
ditional microwave by TWT has several peaks. The curves
are partly similar, partly different, and it is very difficult to
draw a clear prompt conclusion from them. We measured this
frequency dependence several times. In most cases the beam
current showed a peak (or at least a local peak) around TWT
frequencies of 17.8 GHz and 18.2 GHz. The beam current
here is always higher than setting TWT close or to exactly
to 18 GHz. Figure 3 also shows a frequency dependence of
Kr20+. Although the condition was independently optimized,
the tendency of frequency dependence was similar as the case
of Ar13+.
These observations suggest that an electron orbit effect
might play some role. If the two frequencies differ from each
other by only 200 MHz then the distance between the reso-
nance layers is 0.7–0.9 mm in case of NIRS-HEC. The diam-
eter of the Langmuir-orbit of a 5 keV electron is 0.74 mm,
while it is 1.05 mm for the case of a 10 keV electron. These
electrons thus can penetrate two resonance surfaces by one
FIG. 3. Electron numbers and average energies vs microwave frequency.
TrapCAD simulation.
FIG. 4. Progress of selected beam intensities on the applied microwave
injection mode.
orbital turn and can receive an influence for the better plasma
stability. (We are not sure at this moment that higher average
electron energy or the better trapping of these electrons is the
dominant process for a better plasma stability.) To verify or
to reject this assumption a simple computer simulation was
carried out by the TrapCAD code.13 The same code was used
successfully to optimize the magnetic trap of NIRS-HEC.14
The geometry and the magnetic structure (using typical coils
currents) of NIRS-HEC were used as input data. The code was
run in the two-frequency mode, i.e., beside a fixed 18 GHz fre-
quency a second resonance zone was applied. The frequency
of this second microwave was varied between 17 and 19 GHz
by 50 MHz steps. For simplicity both microwave powers were
set to 1000 W. The 10 000 electrons were started from the
18 GHz resonance surface with fixed parallel energy (100 eV)
and with random perpendicular energy between 100 eV and
10 000 eV. After 200 ns simulation time the average ener-
gies of the non-lost (plasma) electrons were saved. The elec-
trons energy curve shows two local maxima around 17.75 and
18.2 GHz (Figure 3, upper curve). For reference we repeated
the whole calculation at single frequency (varied between 17–
19 GHz, microwave power 2 kW) without getting any peaks.
The two curves meet at 18 GHz verifying the two-frequency
simulation gives correct results. The figure also shows the
number of the non-lost electrons.
These results are at least in coincidence with most of our
experimental observations and suggest to continue a deeper
analysis of the simulated results (comparisons of the elec-
trons density distributions, power dependence, studying the
trapping rates, size of the plasma, etc.) and also to carry out
more experiments under other circumstances.
V. PROGRESS FOR THE HCI RATE
After obtaining this experience with the basic features
of the two microwave injection (power, TWT frequency)
we examined how the production rate of the highly charged
ions increases. NIRS-HEC was carefully tuned (by a time-
consuming way) to the highest beam currents of one selected
charge state of argon, krypton, and xenon. The results are
shown in Figure 4 together with the previous beam current
records for the same ions, obtained in earlier years at lower
microwave powers. In each case significant increase of beam
currents were achieved. We note that even when the beam cur-
rent was saturated and there was no way to further increase it,
the stability of this current and all the parameters of the ion
source were very satisfying.
VI. SUMMARY
The presented work showed that the combination of high-
power KLY and high-power TWT amplifiers proved to be suc-
cessful for NIRS-HEC. The stability of the plasma is better
than just applying one single high-power frequency (regard-
less KLY or TWT). The output currents of the tested highly
charged ions increased. To find the optimal second (TWT) fre-
quency is still under considerations. Our experiment showed
that either two substantially differing frequencies (e.g.,
18 + 14 GHz) or two identical 18 GHz frequencies are per-
forming worse than the application of two discrete, but close
frequencies. For NIRS-HEC a 200–250 MHz frequency dif-
ference proved to be the best in these measurements.
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